better description of N 2 O transport. Indeed, since soil structure controls the water and gas 56 dynamics in soils, and thus the aerobic microbial activity, soil structure is supposed to be of 57 great importance for N 2 O emissions (Ball, 2013) . 58
Both the soil water and soil structure can be studied by X-ray computed tomography. X-ray 59 computed tomography is rapid, non-destructive, and allows successive scans over time while 60 measuring other dynamic parameters, such as N 2 O fluxes. It provides 3-D images, used to 61 perform spatial analysis of the soil sample. In soil science, X-ray computed tomography is a 62 common tool, used for example to study the effect of agricultural practices (Deurer et al., coarse-resolution X-ray scanners to study gas transport functioning in macropores. This 67 methodology can be applied to N 2 O emissions. Only few studies used imaging techniques to 68 study greenhouse gas emissions (e.g., Mangalassery et al., 2014; Mangalassery et al., 2013) , 69 and to our knowledge, none of them monitored greenhouse gases while acquiring images of 70 the soil structure. 71
In this study, we proposed a methodology to image the water and soil structure of a soil 72 sample with coarse-resolution X-ray computed tomography, while controlling the hydric state 73 and monitoring N 2 O fluxes. We aimed at demonstrating which relevant information can be 74 extracted from the images to allow a better understanding of N 2 O emissions. We illustrated 75 this methodology by subjecting a soil sample to two wetting and drying cycles. 76 with a clay content of 13.7%, a silt content of 82.0%, and a sand content of 4.3% (Rabot et al., 83 2014) . A soil core was collected in June 2013 in a PVC cylinder (13.2-cm inner diameter by 84 7-cm height) from the surface horizon (1-8 cm). Bulk soil was also sampled in the surface 85 horizon for physical and chemical analyses. Soil organic carbon was measured by 86 sulfochromic oxidation, and total nitrogen was measured by the Dumas method. The soil 87 nitrate content was determined by colorimetric analysis after the extraction from an 8-g soil 88 sample using 0.5 M K 2 SO 4 . Soil pH was determined in a 1:2.5 soil/water volume ratio on 89 samples sieved at < 2 mm. At the sampling time, the soil organic carbon was 9.5 g kg -1 , the 90 total nitrogen content was 0.91 g kg -1 , the nitrate content was 51.3 mg NO 3 − -N kg -1
, and the 91 soil pH was 5.6. The porosity of the soil sample was 0.46 cm 3 cm −3 and the volumetric water 92 content was 37.7% (equivalent to 81.9% WFPS). The sample was conditioned in a plastic bag 93 and stored field moist during two weeks at 5°C to minimize microbial activity. Before the 94 start of the experiment, the soil core was trimmed on each end and maintained at 20°C for 24 95 h. 96
Experimental setup 97
The experiment consisted in controlling the hydric status of the soil sample with a multistep 98 outflow system (Weihermüller et al., 2009 ): the soil cylinder was connected to a water-tank to 99 control its wetting according to the Mariotte bottle principle, and connected to a vacuum 100 F o r R e v i e w O n l y pump and a sampling bottle to control its drying (Fig. 1) . Hydraulic continuity was ensured 101 with a porous ceramic plate (1-bar air-entry value, 8.6 × 10 -8 m s -1 saturated hydraulic 102 conductivity, Soilmoisture Equipment Corp.) placed at the bottom of the soil cylinder and 103 previously saturated with water. The soil cylinder-ceramic plate system was sealed with 104 silicon to avoid water or gas leaks. Both the water content and water potential were 105 continuously monitored during the experiment, with a balance (0.1 g precision) and two 106 microtensiometers (porous ceramic cup, 20-mm length, 2.2-mm diam., 150-kPa air-entry 107 value) inserted at 2 and 4 cm from the cylinder surface at the end of the wetting phase. Data 108 were recorded every 10 min with a datalogger (CR1000, Campbell Scientific). 109
Two wetting-drying cycles (hereafter referred to as the C1 and C2 cycles) were applied to the 110 soil cylinder. The initial water content for C1 was the water content at sampling. The sample 111 was first saturated for 3 d by raising the water level to the soil surface in one step, and then a 112 -100 hPa pressure was applied at the bottom of the soil core in one step, and maintained for 113 about 7 h (C1 cycle). A zero hPa pressure was then applied for 3 d, followed by a -100 hPa 114 pressure for about 7 h (C2 cycle). Indeed, Rabot et al. (2014) of the drying phase (3.5 h after the beginning of the drying phase), and CO 2 concentration was 135 determined by gas chromatography (µGC Gas Analyzer T-3000, SRA Instruments). For a 136 single CO 2 flux measurement, the atmosphere of the closed-chamber was sampled three times 137 during 20-min periods. Given the linear increase of the CO 2 concentration, the flux was then 138 calculated linearly. The chamber was removed before each measurement to restore the 139 atmosphere to ambient concentrations of gases. The sample was kept inside the scanner 140 during the two wetting-drying cycles. The temperature inside the scanner room was monitored 141 and ranged between 22.5 and 25.5°C throughout the experiment. 142
Computed tomography and image analyses 143
The soil sample was placed in the scanner in its sampling direction. The soil sample was 144 scanned one time at the end of the wetting phase, and the vacuum pump was then activated to 145 begin the soil drying. We then scanned the sample seven times for C1, and nine times for C2 146 during the drying phase, alternating with N 2 O flux measurements. Two scans have been added 147 at C2 compared to C1 to refine the results just after the beginning of the drying phase. We 148 used a medical X-ray tomograph (Siemens Somatom Definition AS) operating at an energy 149 Most of the image processing was realized with the ImageJ software (Rasband, 1997 (Rasband, -2014 . 152
Due to the chamber manipulation during the experiment and displacement of the sample 153 between scans, image registration was first done to ensure spatial consistency between the 154 different images with the Align3 TP plugin (Parker, 2012) . We cropped the images to exclude 155 non-soil areas, and we rescaled the images to get isotropic voxels of 316 µm. The noise was 156 reduced by using a bilateral filter, and edges were enhanced with an unsharp mask (Schlüter 157 et al., 2014). The air phase and the water phase were both separated from the soil matrix and 158 gravels by using the watershed segmentation method. This method has previously been 159 successfully used to segment images of soils (Schlüter et al., 2014) . A majority filter with a 160
3×3×3 kernel was applied to remove very small air-filled and water-filled pores which can be 161 seen as noise. We finally removed manually the signal of the two tensiometers. The procedure 162 used to segment the air phase and the water phase gave satisfactory results ( sample was fixed at a constant value, and the gas concentration at the top was set to zero. We 178 calculated D S /D 0 on subsamples of increasing thickness from the soil surface (adding 10 179 pixels at the bottom of the given subsample). 180
Results 181

Soil water content and soil water potential evolution 182
During the drying phase, the WFPS measured with the MSO system ranged between 85% and 183 79% at C1, and between 83% and 79% at C2. The soil matric potential was above 0 cm for 184 the two wetting cycles for the -4 cm depth tensiometer, whereas it was slightly under 0 cm for 185 the -2 cm depth tensiometer at C2 (Fig. 3) . Saturation was thus slightly lower during C2. The 186 matric potential showed a plateau at the C2 wetting phase, reached in approximately 4.5 h 187 after the beginning of the C2 wetting phase. During the drying phase, the matric potential 188 decreased linearly, immediately after activating the vacuum pump, to reach -56 cm water 189 column at C1 and -67 cm water column at C2. The decrease of the matric potential was 190 slightly faster at C2 than at C1 (mean decrease of -8.8 cm h -1 at C1, and -9.5 cm h -1 at C2). 
Characterization of the pore network 209
Four components could be identified, both visually and in the histograms of each image: air 210 phase, water phase, soil matrix, and gravels ( Fig. 4 and 5) . We define the soil matrix as the 211 solid phase and pores with a size lower than the image resolution. Histograms appeared to be 212 unimodal, with the mode corresponding to the soil matrix, because the air-filled and water-213 filled porosities represented only a small fraction of the soil sample volume ( Fig. 4a and 4b) . 214
A small peak near the pure air intensity value (-1024 HU) could be identified for the drying 215 phase, and a small peak near the pure water intensity value (0 HU) could be identified for the 216 wetting phase (Fig. 4c and 4d ). Less water voxels and more air voxels were identified at C2 217 than at C1 during the wetting phase, showing that the water saturation was lower at C2 ( ). For the total core volume, time-evolution of the air-234 filled pore volume showed a rapid rise from the beginning to 1 h after the soil drying, and 235 then the system entered a state of equilibrium (Fig. 6a ). C1 and C2 followed the same trend, 236 but the air-filled pore volume was significantly higher at C2 than at C1 at the end of the 237 wetting phase, and slightly higher at C2 than at C1 during the drying phase. The volume of 238 water-filled pores decreased quickly in the first hour of soil drying, and remained lower at C2 239 than at C1 during the whole experiment (Fig. 6a) . The evolution of the air-filled pores 240 connected to the soil surface showed the same trend as for the total core volume, except that 241 no more difference can be seen between C1 and C2 after 2 h of soil drying (Fig. 6c) . 242
For the total air-filled pore volume identified, the Euler number ranged between 1319 and 243 1849 at C1, and between 1405 and 1713 at C2 (Fig. 6b) . Thus, the Euler number was positive 244 during the whole experiment, meaning that the air-filled pore network was unconnected at the 245 resolution of the images. The Euler number was lower at C2 than at C1 during the wetting 246 number ranged between −52.5 and 17 at C1, and between −57 and 1 at C2 (Fig. 6d) 
Simulated relative gas diffusion coefficients were null for subsamples thicker than 258 approximately 3 cm at C1, and 4 cm at C2, because deepest pores were poorly connected to 259 the soil surface. Thus, only the upper part of the soil sample could participate to the fast N 2 O 260 transport to the soil surface in the gaseous phase. The evolution with time of the gas diffusion 261 coefficient of a 3-cm-thick subsample is given in Fig. 7 . Absolute values of D S /D 0 ranged 262 between 0.000 and 0.009 at C1, and between 0.003 and 0.005 at C2. They were higher at C2 263 than at C1, except for the first measurement of the C1 drying phase. Relative gas diffusion 264 coefficients increased quickly after the beginning of the soil drying at C1, and then showed 265 lower values. This peak at C1 was concomitant with a fast increase of the N 2 O flux. The 266 increase with soil drying was slower at C2 than at C1. Trends were similar for the estimation 267 of D S /D 0 on thinner subsamples (data not shown). 268 
The use of X-ray computed tomography for greenhouse gas emission studies 270
The experiment of the present study appeared as the first report of coupling between soil 271 imaging, greenhouse gas flux measurements, and hydric control measured on the same 272 sample. The use of X-ray computed tomography allowed identifying spatially the water and 273 gas phases in the macropores, and thus determining the air-filled pore volume of these 274 macropores at successive moments during the soil drying. At the scanner resolution, only 16% 275 of the real air-filled porosity was identified, and the rest remained unresolved. Indeed, we 276 used a large sample, with a size typical of that used to determine soil hydraulic properties, to gas diffusion coefficients by the air-filled porosity and connectivity of pores > 300 µm 290 identified with imaging. In the present study, despite the significant fraction of the unresolved 291 pores which were air-filled at the end of the two drying cycles, coarse-resolution X-ray 292 computed tomography can be used to infer N 2 O transport functioning. We also succeeded in 293 and allowed inferring differences in anoxia level in the soil profile between C1 and C2. 296
Relative, instead of absolute, comparisons between the two wetting-drying cycles could thus 297 be performed. 298
Nitrous oxide emissions and pore connectivity 299
After 3 days of water saturation, soil drying down to -45 cm water column induced maximum 300 the pore network connectivity and tortuosity, and was less affected by isolated voxels. 333
Intensity of nitrous oxide emissions 334
By comparing the two wetting and drying cycles, differences in the amount of N 2 O emitted 335 were observed. Emissions were lower at C2 than at C1 both during the wetting and the drying 336 phases. A lower water content at C2 may have been responsible for the lower N 2 O production 337 during the C2 wetting phase. Moreover, the higher connectivity and relative gas diffusion , respectively. 369
The timing can also be compared between the two wetting-drying cycles. In our study, N 2 O 370 fluxes were very high soon after the beginning of the C1 drying phase contrary to C2. Indeed, 371 less N 2 O may have been produced during the C2 wetting phase, leading to a lower gas 372 concentration gradient between the soil surface and the atmosphere, and thus to a slower gas 373 diffusion. Moreover, the lower rate of increase at C2 than at C1 of the air-filled pore volume, 374 connectivity, and relative gas diffusion coefficient, at the beginning of the drying phase, could 375 also explain the slower N 2 O emissions at the beginning of the C2 drying phase. These 376 variables were highly correlated, so only one of them could have been computed. The volume 377 of air-filled pores and the Euler number of pores connected to the soil surface were easily 378 calculated, but the relative gas diffusion coefficient appeared to be more efficient to describe 379 the timing of N 2 O emissions. 380
Conclusion 381
We hypothesized that introducing dynamic indicators of the soil structure could enhance our 382 understanding of the dynamic nature of N 2 O emissions by soils. The experiment performed in 383 this study was intended to demonstrate the ability of a coupling between coarse-resolution X-384 ray computed tomography, hydric control and N 2 O flux measurements, to better describe N 2 O 385 transport in soils. X-ray computed tomography is a rapid and non-destructive method, which 386 allowed measuring an evolution of the air phase volume, pore connectivity, and estimating the 387 relative gas diffusion coefficient during successive wetting-drying cycles on the same soil 388
sample. Contrary to the use of other characterization techniques (e.g., measurements of the 389 gas diffusion coefficient with the one-chamber method), the hydric status of the soil has not 390 We were able to measure an increase of the volume of the air phase connected to the soil 393 surface, and an increase of the pore connectivity and gas diffusion coefficient as the soil dried. 394
We used the Euler number as an indicator of the connectivity of the gas phase. Because this 395 metrics is highly affected by isolated pores, we based our interpretations on the Euler number 396 calculated for the pore space connected to the soil surface, rather than for the whole pore 397 space identified with imaging. Nitrous oxide emissions were lower in terms of intensity and 398 speed during the second drying cycle. Differences in the intensity of N 2 O emissions were 399 attributed to differences in the water saturation, air-phase connectivity, and relative gas 400 
